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Identification of a Plasma Membrane
Raft-Associated PKB Ser473 Kinase Activity
that Is Distinct from ILK and PDK1
sponding to the last 16 amino acids of PKB, and the
control peptide RRPHFPQFAYSASSTA, in which Ser473
is changed to an alanine (FAY peptide). By using these
peptides, we were able to conveniently identify a kinase
activity specific for the Ser473 site. Results with the FAY
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Switzerland indicated the existence of kinase activity in the partially
purified fractions capable of phosphorylating other Ser/
Thr or Tyr residues in this sequence. Specific enzyme
activity for Ser473 phosphorylation was found to beSummary
enriched in the PM fraction of HEK 293 cells, and this
constitutive activity was not further stimulated by insulinProtein kinase B (PKB/Akt) has been well established
as an important signaling intermediate, and its deregu- or pervanadate treatment (Figure 1A). Interestingly,
treatment with the PI 3-kinase inhibitor LY294002 atten-lation has been implicated in the development of hu-
man cancer and diabetes (reviewed in [1]). Full activa- uated Ser473 kinase activity and suggests that a basal
level of PI 3-kinase activity is required (Figure 1B).tion of PKB requires phosphorylation on residues
Thr308 and Ser473 [2]. While the Thr308 kinase, named To determine the nature of the association of the
Ser473 kinase with the plasma membrane, we per-3-phosphoinositide-dependent kinase-1 (PDK1), has
been extensively characterized (reviewed in [3]), the formed a series of extractions with detergents and high
ionic strengths. When the PM fraction was treated withidentity of the Ser473 kinase remains unclear. We have
focused our study on the plasma membrane (PM) frac- 1% Triton X-100, Ser473 kinase activity was highly en-
riched in the insoluble fraction (Figure 1C). Insolubilitytion because membrane localization is sufficient to
activate PKB [4–7], and this suggests that PKB up- in 1% Triton X-100 at 4C is characteristic of cholesterol-
and glycosphingolipid-rich microdomains of the plasmastream kinases are constitutively active at the mem-
brane. Here, we report the identification of a constitu- membrane, termed lipid rafts [10, 11]. Increasing evi-
dence implicates the involvement of lipid rafts in celltively active PKB Ser473 kinase activity enriched in
buoyant, detergent-insoluble plasma membrane rafts signaling; thus, we were intrigued by the possibility that
the PKB Ser473 kinase may localize within lipid rafts.that are distinct from the cytosolic distribution of PKB
and PDK1. This Ser473 kinase activity was released Two marker proteins were used to confirm the efficacy of
the detergent extraction: flotillin, an integral membranefrom the membrane by high salt, and gel filtration anal-
ysis showed that the kinase responsible is present in protein associated with lipid rafts [12], and Na/K
ATPase, a nonraft integral plasma membrane protein. Flo-a large complex of500 kDa. Two major phosphopro-
teins and integrin-linked kinase (ILK) were detected tillin was used as a lipid raft marker in this study, as HEK
293 cells do not express detectable levels of caveolin,in partially purified PKB Ser473 kinase preparations.
In contrast to previous observations, however, ILK im- the marker of the prototypical raft caveolae [13]. Since
integrin-linked kinase (ILK) is a candidate Ser473 kinasemunoprecipitates did not retain Ser473 kinase activity.
Thus, we have identified a novel raft-associated PKB reported to be located at the plasma membrane [14,
15], we also immunoblotted these fractions with an anti-Ser473 kinase, implicating a role for lipid rafts in PKB
signaling. body to ILK (Figure 1C). ILK was detected in all fractions
but appears to be slightly enriched in fractions with high
PKB Ser473 kinase activity (Figure 1C).Results and Discussion
In addition to insolubility in Triton X-100 at 4C, lipid
rafts are also characterized by their buoyancy in sucroseSer473 Phosphorylation by a Novel Membrane
Raft-Associated, PI 3-Kinase-Dependent Kinase density gradients [10]. To further verify the lipid raft
association of the PKB Ser473 kinase, the Triton X-100-In order to study the subcellular events in PKB signaling,
insoluble fraction of the plasma membrane was sub-we have developed a subcellular fractionation protocol
jected to a 5%–35% step sucrose gradient and wasto generate fractions enriched in the PM [8]. Using this
subsequently assayed for PKB Ser473 kinase activity.method, we demonstrated that PKB and PDK1 reside
As shown in Figure 2A, the majority of the Triton X-100-in the cytosolic fraction of starved cells, a portion of
insoluble protein remained at the bottom of the gradientwhich translocated to the PM fraction, where PKB and
(loading position), with a small protein peak detected inPDK1 become phosphorylated [8, 9], upon pervanadate
fraction 9. In contrast, the main peak of PKB Ser473stimulation.
kinase activity floated to fractions 5 and 6 of the gradient,Ser473 kinase activity in subcellular fractions gener-
with minor activities detected in fractions 9 and 13 (Fig-ated from wild-type human embryonic kidney (HEK) 293
ure 2A). Aliquots of fractions 3–13 were subjected to incells was measured in vitro by using two peptides as
vitro phosphorylation reactions to detect the activity ofsubstrates: RRPHFPQFSYSASSTA (FSY peptide), corre-
kinases within these fractions (Figure 2B). Interestingly,
fractions 4–10 showed a remarkably similar pattern con-2 Correspondence: hemmings@fmi.ch
sisting of phosphoproteins of 40 kDa and 80 kDa, in3 Present address: Molecular Cell Biology Laboratory, Department
of Genetics, The Smurfit Institute, Trinity College, Dublin 2, Ireland. addition to several phosphoproteins between 50 and 60
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Figure 1. A Plasma Membrane-Associated Kinase Activity that Phosphorylates the Ser473 of PKB Is Constitutively Active but Sensitive to PI
3-Kinase Inhibition
(A) HEK 293 cells were serum starved and then stimulated with 0.1 mM pervanadate for 10 min. Cells were homogenized (Homog.), and
subcellular fractions of plasma membrane (PM), cytosol (Cyt), and nucleus (N) were prepared as described in [8], except that homogenization
was performed with a Kinematica homogenizer. Ser473 kinase activity was assayed for 60 min at 30C in a buffer containing 50 mM Tris-HCl
(pH 7.4), 1 mM DTT, 10 mM MgCl2, 1 M PKI, 50 M ATP, 0.15 Ci [32P]ATP, and 0.1 mg/ml substrate (RRPHFPQFSYSASSTA) or control
(RRPHFPQFAYSASSTA) peptide. Reactions were stopped by adding 5 l of 100% (w/v) trichloroacetic acid and centrifugation at 15,000  g
for 10 min at room temperature. Aliquots (35 l) of the supernatant were spotted onto squares of P81 paper (Whatmann) and washed extensively
in 0.1% phosphoric acid. Radioactivity incorporated into the peptides was analyzed by scintillation counting, and the specific activity was
calculated from the difference between FSY and FAY peptides. A representative experiment assayed in duplicate is shown.
(B) HEK 293 cells were serum starved and then stimulated with 0.1 M insulin (Ins) or 0.1 mM pervanadate (PV) for 10 min or 50 M LY294002
(LY) for 30 min. Plasma membrane fractions were prepared and analyzed for phospho-PKB or PKB by immunoblotting or were assayed for
Ser473 kinase activity. Data are the average 	 SD of three separate experiments.
(C) Plasma membrane fractions prepared from HEK 293 cells were incubated in buffer containing 1% Triton X-100 or 0.5 M NaCl for 30 min
on ice and were then centrifuged at 100,000  g for 30 min at 4C. The resulting supernatant (S) and pellet (P) fractions were analyzed for
Ser473 kinase activity or were immunoblotted with antibodies for Na/K ATPase (gift of H.-P. Hauri), flotillin (Transduction Labs), or ILK (UBI).
Data are the average 	 SD of three separate experiments.
kDa (Figure 2B). Despite the similarity in phosphoprotein phosphoimmunoblotting [16]. Significantly, using the
highly purified crystallization grade PKB [16], we did notprofiles of the buoyant fractions (4–10), flotillin was de-
tected only in fractions 7 and 8, with some material see any autophosphorylation of PKB. Phosphorylation
of Ser473 of the PKB
 preparation was dependent onremaining in the loading position (fraction 13, Figure 2C).
This apparent disparity may be due to heterogeneity in the addition of the partially purified Ser473 kinase. Fur-
thermore, the partially purified PKB Ser473 kinase phos-the lipid rafts, such that the sucrose gradient used in
our experiments allowed the separation of rafts with phorylated PKB, PKB
, and PKB, as well as the ki-
nase-inactive mutant K179A and the phosphorylationdifferent buoyancy, but phosphorylation on Ser473 was
only detected in fractions 5 and 6. Significantly, while site mutant T308A of PKB (Figure S1, see the Supple-
mentary Material available with this article online). Thesethe PKB Ser473 kinase activity was enriched in fractions
5 and 6, ILK was detected in all fractions (Figure 2D). data strongly support our previous observation that PKB
kinase activity is not required for maximal Ser473 kinaseExtraction of the PM fraction with a high-ionic strength
buffer (0.5 M) released the Ser473 kinase from the lipid activity [17].
Superdex-200 column fractions were further analyzedbilayer, with activity detected mainly in the supernatant
(Figure 1C). This suggests that the Ser473 kinase is not by in vitro phosphorylation and immunoblotting with ILK
antibody. ILK (Figure 3C) and two prominent phospho-an integral membrane protein but is likely associated
with the plasma membrane via protein/protein or elec- proteins of 48 kDa and 58 kDa (Figure 3D) closely paral-
leled the PKB Ser473 kinase activity. We have previouslytrostatic interactions. To further investigate the nature
of this interaction, we analyzed the NaCl-extracted frac- shown that insulin-stimulated phosphorylation on
Ser473 occurs via a staurosporine-insensitive kinasetion of the plasma membrane by gel filtration analysis
using a Superdex-200 column. PKB Ser473 kinase activ- [17]. Analysis of the staurosporine sensitivity of the par-
tially purified kinase revealed the presence of two dis-ity of eluates was monitored by using the peptide assay,
and the major peak of kinase activity eluted at an ap- tinct kinase activities: one is acutely sensitive to stauro-
sporine, with inhibition observed at 1 nM, while the otherproximate mass of 550 kDa (Figure 3A), suggesting
that the kinase is part of a large protein complex. To is insensitive up to 100M staurosporine (Figure S2, see
the Supplementary Material available with this articleverify that this kinase also phosphorylates PKB protein,
we used recombinant PH-PKB
 protein as a substrate online). Our previous results would suggest that only
the latter activity corresponds to the PKB Ser473 kinase.to assay fractions from the Superdex-200 column (Fig-
ure 3B). ThePH-PKB
 protein was not phosphorylated Attempts to further purify the Ser473 kinase by ion ex-
change chromatography resulted in a loss of activity,on Ser473, as determined by mass spectrometry and
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Figure 2. Ser473 Kinase Activity Is Enriched in Membrane Lipid
Rafts, Based on Its Insolubility in Triton X-100 and Flotation on
Figure 3. Ser473 Kinase Activity Is Present in a Large Protein Com-Sucrose Gradients
plex Containing Two Major Phosphorylated Polypeptides of 48 and
(A–D) The Triton X-100-insoluble plasma membrane was resus-
58 kDa
pended in 0.5 ml TBS (50 mM Tris-HCl [pH 7.4], 150 mM NaCl)
(A–D) An NaCl (0.5 M)-extracted plasma membrane fraction wascontaining 40% sucrose and was placed in a centrifuge tube. A step
subjected to gel filtration chromatography on a Superdex-200 HR10/gradient was formed by sequentially adding 1.5 ml TBS containing
30 column preequilibrated with buffer containing 20 mM Tris-HCl35%, 30%, 25%, 20%, 15%, 10%, or 5% sucrose. After centrifuga-
(pH 7.4), 0.5 M NaCl, 1 mM DTT, and 1 mM benzamidine. Buffertion at 250,000  g for 18 hr, 1-ml fractions were collected from the
was pumped at a flow rate of 0.5 ml/min, and fractions were col-top of the gradient and were analyzed for (A) Ser473 kinase activity.
lected every minute. Fractions were assayed for Ser473 kinase activ-(B) An in vitro phosphorylation reaction was performed by adding
ity with (A) peptides or (B) recombinant PH-PKB
. The elution1 mM DTT, 10 mM MgCl2, 1 M PKI (final concentrations), and 0.5–1
positions of blue dextran (2000 kDa), apoferritin (443 kDa), andCi [32P]ATP to 20 l of each fraction and incubating them for

-amylase (200 kDa) are indicated in (A). Aliquots of each fraction60 min at 30C with shaking. Reactions were stopped by the addition
were immunoblotted for ILK (C) or were subjected to in vitro phos-of SDS-PAGE sample buffer, heated at 95C for 5 min and were then
phorylation and were then analyzed by SDS-PAGE and autoradiog-analyzed by SDS-PAGE and autoradiography. Aliquots of fractions
raphy (D).3–13 were immunoblotted with antibodies to (C) flotillin or (D) ILK.
The data are representative of two separate experiments.
of whether ILK or normal rabbit serum was used for
suggesting that the PKB Ser473 kinase is a multisubunit immunoprecipitation. No significant Ser473 kinase ac-
enzyme or requires accessory factors. tivity was detected in the ILK immunoprecipitate, where
the presence of ILK was confirmed by immunoblotting
(Figure 4A, inset). Furthermore, we did not observe anyILK Does Not Play an Active Role
in the Phosphorylation of PKB on Ser473 significant phosphorylation of PKB on Ser473 upon
overexpression of ILK in HEK 293 cells, both under basalSince ILK was detected in the peak fractions of the gel
filtration column, we decided to directly assess the role conditions and with insulin stimulation (Figure 4B).
These data suggest that ILK cannot serve as the PKBof ILK in plasma membrane-associated PKB Ser473 ki-
nase activity. ILK was immunoprecipitated from the Ser473 kinase.
Some recent observations also suggest that ILK mayNaCl-extracted plasma membrane fraction, and then
both the immunoprecipitate and the supernatant were not be the authentic PKB Ser473 kinase. Three sub-
strates of ILK have been reported so far: glycogen syn-assayed for PKB Ser473 kinase activity. As shown in
Figure 4A, the PKB Ser473 kinase activity was detected thase kinase-3 (GSK-3), PKB, and myosin light chain.
Intriguingly, ILK phosphorylates myosin light chainin the supernatant after immunoprecipitation, regardless
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Figure 4. Integrin-Linked Kinase Is Not the
Major Membrane-Associated PKB Ser473
Kinase
(A) An NaCl-extracted plasma membrane
fraction (in 50 mM Tris-HCl [pH 7.4], 0.5 M
NaCl) was precleared using Sepharose 4B for
1 hr at 4C and was then immunoprecipitated
using ILK antibodies (UBI) precoupled to Pro-
tein A-Sepharose for 2 hr at 4C. Ser473
kinase assays were performed on both
the supernatant and the immunoprecipitate
(washed two times in 50 mM Tris-HCl [pH
7.4], 0.5 M NaCl and once in 50 mM Tris-HCl
[pH 7.4] prior to assays). Normal rabbit serum
(NR) was used as an immunoprecipitation
control in this experiment, and immunoblot-
ting was used to confirm the presence of ILK in the precipitates (inset). No significant Ser473 kinase activity was detected in the ILK
immunoprecipitates (n  4).
(B) Overexpression of ILK does not increase Ser473 phosphorylation of PKB in HEK 293 cells. HA-PKB was cotransfected with either Myc-
ILK, cloned from a human placenta cDNA library by polymerase chain reaction based on the published sequence (NIDg2648173/U40282), or
empty vector. After overnight starvation, cells were stimulated with 0.1 M insulin for 10 min or left unstimulated. The level of Ser473
phosphorylation was assessed by immunoblotting with phosphospecific antibodies. Expression of PKB and ILK was confirmed by immunoblot-
ting with HA and ILK antibodies, respectively.
within a basic sequence [18], while the Ser473 site of Drosophila PKB in ILK knockout embryos is comparable
to that in wild-type embryos (M.M.H., C.G. Zervas, N.H.PKB is hydrophobic. Since the active site of a kinase has
a defined structure, it seems unlikely that such diverse Brown, and B.A.H., unpublished data), a finding that
provides further evidence that ILK is not the PKB Ser473sequences could serve as substrates for one kinase.
Mutant studies in Drosophila melanogaster [19] and kinase in this model organism.
Caenorhabditis elegans [20] both suggest that ILK func-
tions primarily as an adaptor protein and that the kinase Conclusions
In summary, we have isolated a constitutively active,activity of ILK is not critical to its function. Furthermore,
we have recently found that Ser473 phosphorylation of membrane lipid raft-associated kinase activity that
Figure 5. Working Model for the Activation of
PKB by Upstream Kinases
Prior to agonist activation, the insulin recep-
tor and the constitutively active Ser473 ki-
nase complex are sequestered in lipid rafts.
Following activation, PKB and PDK1 are re-
cruited to the membrane rafts by the in-
creased level of 3-phosphoinositides; on
these rafts, PKB is phosphorylated on Ser473
and Thr308 by Ser473 kinase and PDK1, re-
spectively. Recruitment of PDK1 to rafts also
promotes its tyrosine phosphorylation by src
family kinases, which increases its activity.
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